1 3 Background 1 4
, and are unable to distinguish between gene activation (s ij unsigned = 1) and gene where x i and x j are the expression profiles of genes i and j across the microarray samples [22] . Here, s ij signed = 1 1 2 3 corresponds to positive correlation, s ij signed = 0, negative correlation and s ij signed = 0.5, no correlation, thereby 1 3 2 1 3 3 To understand the core drought-responsive signaling and metabolic changes, we discuss below the analysis of 3 0 2 two PPI networks, uDTN (comprising 466 genes and 1015 interactions) and dDTN (comprising 665 nodes and 3 0 3 8719 interactions). These networks integrate protein-protein interactions with co-expressed gene profiles for the 3 0 4
DEGs that are topologically significant (top 20% k IM and k ME values) in the co-expression network. As 3 0 5 discussed in Section 1.4, protein-protein interactions for these gene sets are extracted from STRING database 3 0 6 and co-function networks, RiceNet and AraNet (Table S4 and Table S5 , Additional File 1) 3 0 7 Analysis of uDTN 3 0 8
To identify the processes that are induced in response to drought stress, we applied MCL algorithm to identify 3 0 9 tightly coupled gene clusters of genes (size ≥ 5) that are functionally enriched in STRING database for domains, 3 1 0 pathways, or GO terms. This resulted in 13 clusters summarized in From our analysis, we observe that the three clusters, U1, U10, and U13, capture the abscisic acid (ABA) signal 3 1 9 transduction process, and components of primary and secondary metabolism. It is known that on perceiving 3 2 0 abiotic stress, the adaptive response of plants is controlled mainly by the phytohormone, ABA. Under drought 3 2 1 stress, a sudden increase in ABA synthesis is induced accompanied by various physiological and morphological 3 2 2 changes in the plant, namely, regulation of growth, stomatal closure, hydraulic conductivity, etc. However, 3 2 3 mechanisms of fine-tuning the ABA-levels are not yet well understood. Earlier studies suggest that stress 3 2 4 responsive genes mediate through at least two pathways: ABA-dependent and ABA-independent, with a 3 2 5 possible crosstalk between their components. Calcium, which serves as a second messenger for various stresses, 3 2 6 is proposed to be a strong candidate, mediating such cross talks. Recent progress in our understanding of ABA 
4
We observe that the subnetwork comprising three gene clusters in Figure 3 (B): U1 (35 genes in blue), U10 (5 3 3 5 genes in green) and U13 (5 genes in pink) capture very well essential components of the ABA-signaling 3 3 6 pathway (Figure 3(A) ). Based on functional analysis, U1-cluster genes can be divided into two groups, one 3 3 7 involved in signaling processes and the other involved in primary metabolism and biosynthesis of secondary 
4 2
The upstream promoter region of the ankyrin-like protein consists of ABRE elements, heat stress-responsive 3 4 3 elements, and light responsive elements (e.g., G-box) indicating its possible role in stress. In our subnetwork we 1 5 chloroplast localized kinases (LOC_Os07g47270, LOC_Os01g71000 and LOC_Os03g06330) involved in redox 3 4 7 regulation and phosphorylation [59], OsRPK1-receptor like kinase, a negative regulator of auxin transport [60] 3 4 8 and receptor-like cytoplasmic kinase, OsRLCK-XV (LOC_Os06g07070) highly induced during drought and 3 4 9 cold stress [61] . Topologically significant (high degree), the biologically relevant (co-clustered with ABA 3 5 0 signalosome and connected to important kinases) along with ABA-responsive cis-elements in its promoter and 3 5 1 potential role in calcium mediated signaling makes the ankyrin-like protein (LOC_Os02g50270) a likely novel 3 5 2 candidate for drought stress. Cluster U1 also consists of two transcription factors (TFs), ABF-type OsbZIP23 3 5 3
and OsNAC6/SNAC2. The OsbZIP23 TF is associated with ABA signaling pathway and strongly induced by displayed increased sensitivity to ABA and tolerance to dehydration and high salinity stresses, suggesting its As both seed maturation and response to drought is co-regulated by ABA, the involvement of OsbZIP20 in 3 7 2 drought tolerance can be further investigated. Similarly, OsbZIP86 being up-regulated and topologically 3 7 3 significant in the co-expression network and its association with other stress-responsive bZIP TFs in the uDTN, 1 6
The 10 kinase signaling genes (Cluster U1) are connected to 16 genes associated with primary metabolism and 3 7 7 biosynthesis of secondary metabolites via Uridine 5'-monophosphate synthase, UMPS2 (LOC_Os01g72250). It 3 7 8 is a precursor for pyrimidine nucleotides and is associated with the last step of de novo pathway of pyrimidine 3 7 9 biosynthesis. Eleven of these 16 genes are involved in the biosynthesis of secondary metabolites associated with 3 8 0 sugars and amino acids, and 5 genes belong to Pentose Phosphate Pathway (PPP). Role of PPP is to maintain 3 8 1 redox potential to protect against oxidative stress by producing reductants such as NADPH [76] . To ensure these 3 8 2 genes are possible targets of ABA-induced downstream signaling cascade, we carried out promoter analysis of 3 8 3 these 17 genes (16 metabolic pathway genes+UMPS2). For this, 1 kb upstream region of these genes are 3 9 2 Cluster U2: Molecular chaperons and heat stress transcription factors 3 9 3
Almost all stresses induce the production of a group of proteins called heat-shock proteins (Hsps) or stress-3 9 4 induced proteins as adverse environmental conditions disrupt protein folding and lead to an increase in reactive 3 9 5 oxygen species (ROS) and oxidative stress within the cell [79, 80] . Their transcription is controlled by regulatory 3 9 6 proteins called heat stress transcription factors (Hsfs) by binding to the highly conserved heat shock elements 3 9 7 (HSEs) in the promoter regions. The Hsps function as molecular chaperones, regulating cellular homeostasis 3 9 8 and preventing protein misfolding and aggregation, thus promoting survival under stressful conditions. Cluster Maintaining cellular elasticity and integrity by increased cellulose and hemicellulose synthesis is an important 4 2 7 drought-tolerant trait [85, 86] . We observe that these processes are captured by the subnetwork formed by seen as an important drought tolerant trait, providing tensile strength and maintaining cellular membranes 5 1 1 [120, 121] . Thus we show that by using an integrated approach by combining co-expression and protein-protein 5 1 2 interaction information we are able to capture some of the core biological processes in drought response. In the 5 1 3 up-regulated PPIN, we are able to extract some of the key components of the ABA signalosome including the 5 1 4
PP2Cs, the SnRK2 kinases and a number of ABF-type bZIP transcription factors. Along with the genes involved 5 1 5 in signaling, we observe a crosstalk with the genes involved in metabolic pathways like Pentose Phosphate 5 1 6
Pathway and biosynthesis of sugars and amino acids via the gene UMPS2, a novel candidate for drought. We 5 1 7 also extracted a cluster comprising molecular chaperons and heat shock transcription factors as well as an MYB 5 1 8 transcription factor co-clustered with these genes. The other major crosstalk is observed between processes, 5 1 9 namely biosynthesis of proline which is an osmolyte and an important component of cell wall matrix, cell wall 5 2 0 metabolism, degradation of branched chain amino acids to serve as intermediates for TCA cycle, enzymes of the 5 2 1 TCA and finally, mitochondrial electron transport/ATP synthesis to generate cellular energy during stress. There 5 2 2 is a re-partitioning of metabolites during drought stress as genes involved in starch biosynthesis as well as A similar analysis is carried out on the down-regulated drought tolerant network, dDTN, to identify the 5 3 0 processes down-regulated in response to drought stress by the proposed network-based approach. Seventeen 5 3 1 tightly-coupled gene clusters are identified using MCL algorithm in dDTN. Functional annotation for biological 5 3 2 processes associated with these gene clusters using MapMan and RGAP is summarized in Table 5 and is 5 3 3 discussed below in detail. them are ribosomal proteins, many of which are located in chloroplast (21 genes). Genes associated with RNA 5 4 8 processing (helicases), regulation and binding (52 genes) are also seen to be clustered together with 5 4 9 photosynthetic processes. The crosstalk between these processes suggests down-regulation of photosynthesis 5 5 0 and transcription and translation of plastidial genes.
3 4

1
Twenty one genes in this cluster have no functional annotation. These genes are queried in AraNet and the top 5 5 2 functional predictions for each gene are listed in Table S6 , Additional File 1. Of these, ~20 genes have in all the genes. These elements are known to regulate light-specific gene expressions and response to stimuli 5 5 7
[123]. Other motifs like "SITEIOSPCNA" which is shown to be involved in gibberellin-responsive pathway in 5 5 8 regulating photosynthesis [124] are also present. The above analyses indicate that the 21 uncharacterized genes 5 5 9 of this cluster that are topologically significant and tightly clustered with photosynthetic genes, are likely to be 5 6 0 regulated by light, respond to pathogen invasion/wounding and may be influenced by hormones such as 5 6 1 gibberellin. We presume these genes to be important candidates for transgenic studies to elucidate their role in 5 6 2 photosynthesis and drought-response.
6 3
Cluster D2, Cell Wall Metabolism 5 6 4
Plant cell walls are of critical importance and provide cell shape and mechanical support to withstand the turgor 5 6 5 pressure. However, during water deficit, aerial growth is limited due to reduced cell division in the meristematic 5 6 6 zones [125] followed by reduced ability of cells to expand the polysaccharide network. Cluster D2 genes are 5 6 7 found to be associated with cell wall metabolism, e.g., cellulose synthases OsCESA6, 7 and 8 and cellulose 5 6 8 synthase-like genes OsCLSA1 and OsCLF6, and OsBC1L4/OsCOBRA involved in cellulose biosynthesis.
6 9
While OsCESA6, 8 and OsBC1L4/OsCOBRA are reported to be involved in primary cell wall biosynthesis 5 7 0
[126], OsCESA7 is a secondary cell wall-specific cellulose synthase [127] . The gene OsCLF6 is shown to 5 7 1 mediate mixed-linkage glucans (MLG) synthesis in rice [128] . MLG is a cell wall polysaccharide, known to be 5 7 2 involved in the regulation of cell wall expansion in young tissues [129, 130] . This cluster also includes 3 5 7 3
Fasciclin-like arabinogalactan proteins (OsFLA6, 16 and 24) that are involved in cell wall adhesion, signaling, involved in cellulose synthesis while that of LOC_Os07g43990 has a role in transferring glycosyl groups (Table   5 7 7 S3, Data Sheet 1). Since cell walls are also the first line of defense against pathogens, some of the genes, e.g.,
7 8
Harpin-induced protein 1 (LOC_Os02g33550) and CHIT1 (LOC_Os09g32080-Chitinase family protein) are 5 7 9
down-regulated and are part of this cluster. Some of the kinases (LOC_Os02g43870, LOC_Os03g12250 and 5 8 0 LOC_Os04g55620) have LRR domains and are important for protein-protein interactions, signaling and 5 8 1 response to biotic stress. Thus, a low turgor pressure during drought stress leads to reduction of growth by the 5 8 2 inhibition of cell wall elongation. The down-regulation of Cluster D2 genes clearly reveals the processes 5 8 3 associated with cell wall biosynthesis that are down-regulated in leaves.
8 4
Cluster D3, D7 and D14: Down-regulation of biotic stress associated genes 5 8 5
The natural phenolic compound, salicylic acid (SA) is one of the main hormones involved in endogenous 5 8 6 signaling in plant pathogen response and disease resistance [131] . In many studies drought tolerance and disease 5 8 7 resistance pathways are reported to be antagonistic and the role of ABA in suppressing SA-signaling pathway 5 8 8 [132] [133] [134] . A transcriptional activator NPR1 is an important regulator of SA-mediated defense signaling 5 8 9 pathway and responsible for activation of a large number of downstream pathogen-responsive genes [135, 136] .
9 0
It is shown that ABA suppresses transcriptional up-regulation of WRKY45 and OsNPR1, the two important 5 9 1 components of SA-signaling pathway [137] . Also, OsNPR1 has been implicated with reduced drought tolerance 5 9 2 in rice [138] . Both WRKY45 and OsNPR1 (part of Cluster D3) are co-expressed in Green module and down-5 9 3 regulated in agreement with earlier studies, thus capturing the crosstalk between ABA and SA signaling 5 9 4 pathways.
9 5
Majority of Cluster D3 genes (~ 23) are kinases including receptor-like kinases involved in signaling and post-5 9 6 translational modifications. Many of these genes are shown to be involved in plant immunity against pathogens 5 9 7 and are potential pattern recognition receptors (PRRs), e.g., leucine-rich repeats (LRR) and ankyrin (ANK) 5 9 8 repeats [139] [140] [141] [142] . This module consists of three LRR repeat genes, Strubbelig-receptor FAMILY8 precursor 5 9 9 (LOC_Os06g42800), a putative transmembrane protein kinase 1, a putative protein kinase (LOC_Os01g41870) 6 0 0
and Brassinosteroid insensitive 1-associated receptor kinase 1 precursor (BAK1, LOC_Os11g39370). Previous 6 0 1 studies indicate that these kinases influence cellular morphogenesis, orientation, cellular proliferation, size and involved in pathogen resistance and help in discriminating between self and non-self (R-protein mediated 6 0 8 response) [149] . Cluster D7 consists of 2 genes (OsGF14b and OsGF14e) that belong to 14-3-3 gene family. 6 0 9
These signaling proteins are reported to be involved in biotic stress and probably associated with JA and SA 6 1 0 pathways [150, 151] . They interact with Beta-2-and Beta-5-tubulin proteins which play critical role in cell 6 1 1 division, elongation and growth. Binding of 14-3-3-signaling proteins with those involved in cellular 2). We also observe cross-talk between genes involved in metabolic pathways e.g., Pentose Phosphate Pathway 7 0 6 and biosynthesis of sugars and amino acids via the 'hub' gene UMPS2, which is identified as a novel candidate 7 0 7 gene for drought tolerance. These interactions observed among the signaling and metabolic components are 7 0 8 ubiquitous across all the drought tolerant data subsets considered.
0 9
Heat shock proteins (Hsps) function as molecular chaperons and prevent protein misfolding and aggregation.
1 0
The presence of ABRE cis-elements in the promoters of 4 HsFs (OsHsfA9, OsHsfA2e, OsHsfB2c and 7 1 1 OsHsfA2c) and their first neighbors (in uDTN) clearly emphasizes that these are induced in an ABA-dependent 7 1 2 manner during drought stress. The protective role of (Hsps) in maintaining cellular homeostasis during drought 7 1 3 stress is well-captured by Cluster U2 of uDTN. Further, presence of cis-elements associated with heat shock 7 1 4 elements in promoters of their neighbors and responsive to methyl jasmonate (MeJa) indicate that depending 7 1 5 upon the environment, they can function as molecular switches during stress. We observe 8 data subsets have ≥ 7 1 6 50% representation of genes of this cluster (except IRAT109 with 42.1%), and greater than 80% in Dagad deshi-1 experiments with larger sample sizes and taking these variables into consideration will further enhance the 8 0 7 efforts in reliable detection of drought-tolerant biomarkers. The authors declare that they have no competing interests.
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